W hatever the merits of this proposal, the mechanism is certainly a rather com plicated one.
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The theory of stellar evolution aims a t predicting the luminosity L and radius of a star as a function of its mass M, its initial compo time scales are so long, comparison with observation must necessarily be indirect. A convenient method is to select clusters of stars, all born from similar material and at times close together compared with the evolutionary time scale, leaving just the mass as a parameter. However, the paucity of well-determined stellar masses forces us to eliminate the mass between the (M, L) and (M, R) relations. The (L, R) relation is studied indirectly by introducing the effective temperature Te, defined by £ = (i a c T ? )( 4 where c is the velocity of light, and a the Stefan-Boltzmann constant. Thus Te is the temperature of a black body having the same surface brightness as the star. The theorist's ' Hertzsprung-Russell diagram ' is a plot of log Te on a horizontal scale, increasing to the left, against log (L/L&), where L @ is the solar luminosity. The observer's diagram is a plot of V, the absolute magnitude in the visual wave band, against the colour index (B -V),where B is the blue formation of one diagram into the other by means of the bolometric correction and the Te, (B -V) relation is still subject to considerable uncertainties at the extremes of high and low Te.
Our expectation th at a cluster diagram should be a function of the mass only is based on the theoretical work described by Professor Sweet, which strongly suggests th at perturbations such as centrifugal and magnetic forces can be neglected in a zero-order approximation. Cluster diagrams (cf. Schwarzschild 1958, pp. 5 and 6) themselves support this conclusion, as they do suggest a one-parameter dependence, in striking contrast with the classical diagrams, as in Eddington's Internal constitution of the stars, which represent star systems of differing age and initial composition.
I t is assumed in this contribution th at during most of their lifetimes most stars remain of nearly constant mass. This implies th a t gravitational accretion is not relevant to the interpretation of the Hertzsprung-Russell diagram of a star cluster, although it may be important for individual stars. Equally, mass loss is assumed negligible until the end of a star's life. In her contribution, Mme Masevich will discuss the evidence from the H .-R . diagram supporting strong corpus cular radiation from stars early in their evolution.
Consider now a proto-star condensing out of the interstellar medium. When sufficiently opaque, it will build up a thermal field in very close mechanical equili brium with its gravitational field. The luminosity is determined by the radiative transport of energy down the internal temperature gradient against the stellar opacity: the slow contraction of the star releases gravitational energy th at supplies the luminosity and heats up the star. The luminosity is found to depend strongly on the mass, but only weakly on the radius; hence the time scale of contraction to a radius R is of order 1 (change in gravitational energy) 1 1 2 * * * * 3 x 107ilf2
where G is the gravitational constant, and barred quantities are measured in solar units. Implicit in (2) is the classical difficulty of the 'Kelvin-Helmholtz ' theory of stellar energy generation, as it gives for the sun a lifetime far shorter than the geological time scale. Contraction is halted once the central temperature reaches ~ 107 °K, when thermonuclear transmutation of hydrogen into helium starts, and the star settles down into thermal equilibrium. Given the composition (assumed initially uniform), integration of the equations of stellar structure yields a one-parameter sequence of stellar models, with the radius, luminosity, the surface and central tempera tures determined as increasing functions of the mass. We call this the 'initial main sequence' for the assumed composition. The most recent computations (Haselgrove & Hoyle 1959 ) predict only a very narrow spread in the H .-R . diagram for varying composition.
On the initial main sequence, the gradual change with increasing mass from Kramers-type opacity to electron scattering changes the index n in the law
The
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L cc M n from 5 for M < 1 to 4 for M ~ 2, and to M 30, radiation pressure reduces n still further to near 2. The radius always varies more weakly with M. For stars massive enough for the carbon-nitrogen cycle to dominate, R cc ~ M 0'8; when the chain dominates ne Rcc ~ M rt, but the index increases again for lower masses, due to the increasing depth of the subphotospheric convection zone.
We can now confirm that the time of Kelvin-Helmholtz contraction to the main sequence, given by (2), besides being short compared with the galactic time scale, decreases sharply with increasing mass. Salpeter (1954) pointed out th at if stars have condensed from the interstellar gas within the last ten million years or so, we should observe some clusters containing only the upper end of the main sequence; stars of mass less than a value depending on the cluster age should lie on a curve of equal ' Kelvin-Helmholtz ' ages, a curve diverging to the right of the main sequence in the H .-R . diagram. Two such young clusters, N.G.C. 2264 and 6530 have been photographed by Walker (1956 Walker ( , 1957 . Detailed interpretation of the observations, however, caused difficulties. The curve representing the still contracting stars was less inclined to the main sequence than the theory predicted, implying th a t these stars had been able to lose energy more rapidly than by radi ative transport. However, a repetition of the observations seems to have removed the discrepancy.
Evolution of a star from its position on the initial main sequence occurs through the increase in the mean molecular weight p in the central regions, as hydrogen is transmuted into helium. There are strong theoretical reasons for ignoring nonturbulent convection (cf. the paper by Professor Sweet), so th at inhomogeneities of structure must develop. A main sequence star in which the C,N cycle dominates has a convective core in which p increases uniformly w temperature-sensitive p ,p chain dominates, radiative equilibrium holds in the centre, and a gradient of p develops; later, a pure helium core appears at the centre, and gradually grows, surrounded by a radiative zone with a p gradient. Integra tions of the equations for different stages predict well-defined curves which leave the initial main sequence and move off to the right in the H .-R . diagram. (It should be emphasized th at the absence of mixing across radiative zones is essential: a wholly mixed star with p gradually increasing moves up and slightly to the left of the main sequence.) The movement to the right is a t first slow: some of the observed breadth of the composite main sequence is due to its being a mixture of the initial main sequence and stars with limited degrees of inhomogeneity. A rough estimate for the time th at a star, consisting mainly of hydrogen, spends near the main sequence is -(liberating c2/ 125 ergs/g) at the main sequence luminosity. From (2) and (3), it is seen that the main sequence stage is much longer than the Kelvin-Helmholtz stage. The rarity of young clusters such as NGC 2264, as compared with clusters with well-developed main sequences, is consistent with these time scales. years,
i.e. the time the star takes to convert about one-tenth of its mass to helium An approximate upper limit to the extent of the main sequence of a cluster of given age is given by equating (3) to the cluster age: stars more massive than this limit have had time to consume more than about one-tenth of their hydrogen, and have moved into the giant region. Thus we have an immediate criterion for the age of a cluster with a well-defined upper limit to the main sequence. More precise estimates depend on detailed knowledge of the evolutionary tracks. I t is found (Hoyle 1959 ) th at once a star starts to depart rapidly from the main sequence it does so along a nearly horizontal track in the H .-R . diagramthe surface temperature decreases a t almost constant luminosity. This is an easily identifiable feature of a cluster diagram, and so is a particularly useful age criterion. Professor Hoyle reports on up-to-date age estimates in his contribution.
As a check on the theory as developed so far, we may mention the work of Salpeter (1955) on the luminosity function-the distribution of stars in mass. Assuming a uniform rate of star formation over the galactic lifetime, and using the estimate (3) for the time spent by a star on the main sequence, he is able to compute from the observed luminosity function of galactic field stars an initial luminosity function applying to stars at the time of their birth. This is found to agree satisfactorily with the luminosity function of clusters young enough for their massive stars still to remain on the main sequence. I t has been known for many years th at the brightest stars are under-represented in the galactic field: by the time clusters have largely disintegrated so as to supply the galactic field, their most massive stars have left the main sequence.
In 1942, Baade introduced the classification of stars in our own and neighbouring galaxies into types I and I I -essentially correlating the H .-R . diagrams of stellar systems with location, kinematics, and the presence or absence of dust, as in table 2. The presence of massive main sequence stars in type I, and their absence in type II immediately suggests th at the basic difference between the two systems is age: the most massive type II stars have evolved to the right of the main sequence into the red giant region, and have not been replaced by new condensations (there being little dust and presumably little gas available). The derived ages of the globular clusters th at have been studied are ~ 5 x 109 years.
A (' 2-motions ' ). The precise discussion of the decay of the turbulence in the primeval galactic gas, and the condensation of the system of globular clusters, with large z-motions, the rotating galactic disk, and the different intermediate subsystems, still remains a formidable problem for theorists; but it is encouraging to have as a help fairly reliable information on the ages of stellar systems from studies of stellar evolution. Since Baade's work, spectroscopists have established th at there is a strong increase from type II to type I in the proportion of heavy elements-according to latest estimates, by a factor of at least thirty from one extreme to the other. This is consistent with current ideas on nucleogenesis in highly evolved stars, and the return of some stellar m atter into space near the end of the star's life. I t is also of great importance for the further interpretation of the H .-R . diagram. I t is seen (Schwarzschild 1958, pp. 5 and 6) th at the giant branches of the globular cluster M 3 and the galactic cluster M 67 differ considerably, although the points of turn-off from the main sequence are very close, indicating that both clusters are ~ 5 x 109 years old, with the main sequence termination at about 1-25 solar masses. The M 67 red giants have normal giant spectra, indicating a normal abundance of heavy ele ments, whereas the M 3 giants are under-abundant in heavy elements. If mass and composition are the only important parameters, then theory must predict evo lutionary tracks that are sensitive-at least near M = 1-2-to composition differences. Hoyle & Schwarzschild (1955) computed evolutionary tracks of a star of ~ 1-2 solar masses after it has developed a burnt-out partially degenerate helium core surrounded by a hydrogen-burning shell. As the shell burns out, the core increases in mass and contracts, while the envelope expands, causing the horizontal motion in the H .-R . diagram. But there is a limit below which the surface temperature of a star with a low metal content may not drop. If the star is to radiate, then the surface opacity k and surface pressure P must satisfy
as T-> Te. As Te drops so does the degree of ionization of hydrogen and helium, and unless there are sufficient metal atoms present to supply free electrons, the opacity will be too low. In order to get rid of the energy generated, without further expansion, the star acquires a deep convection zone extending almost to the energy generating shell. Assuming a low metal content, Hoyle & Schwarzschild produce a sequence of models th at follows closely a typical globular cluster red giant branch extending up to V~ -3, whereas with a n dance, the expansion of the envelope continues and the star reaches just = 0. Only part of this difference is due to the larger bolometric correction applicable to the redder stars; the top of the globular cluster giant branch has a bolometric over-luminosity of about a magnitude. Further, the time scale of evolution up the globular cluster giant branch-about 108 years-is so short compared with the time spent on the main sequence, th a t the evolutionary track of one star is almost the same as the giant branch, defined by the points reached after about 5 x 109 years, by stars of slightly varying mass, near and above 1*2 solar masses.
However, the most striking property of the Hoyle-Schwarzschild sequencethe over-luminosity in the giant branch-has not won universal assent, in spite of the similarity of the evolutionary tracks to the globular cluster giant branch. Workers in Gottingen (Kippenhahn, Temesvary & Biermann 1958 ) claim th at a more accurate treatm ent of the energy transport in the convection zone destroys the over-luminosity. I t is a fact th at our lack of an adequate theory of convection introduces an unfortunate ambiguity into the theory.
The clusters M3 and M 67 are similar in having giant branches linked with the end of the main sequence, in contrast to the young clusters, where the two branches are separated by the 'Hertzsprung g ap ' (see figure 1 of Dr Woolley's contribution, p. 189). This is interpreted as a region of very rapid stellar evolution, where a star is unlikely to be observed. I t appears quite naturally in the evolution of type I stars massive enough to have sizeable convective cores in their main sequence stage, i.e. stars in which the carbon-nitrogen cycle dominates. Hoyle (i960) has shown th at once the hydrogen core burns out completely, the star must move very rapidly in a horizontal track across the H .-R . diagram. As the core contracts, the gravitational energy released heats it up, until temperatures ~ 108 °K are reached. This is the point at which carbon synthesis from helium starts, and it is presumed th at this stops the movement to the right, and the star is seen as a type I giant.
Typical clusters of this sort are M il and the Hyades. Stars leaves the main sequence band near V = 0, and move rapidly across the gap in a hori to near B -V = 1*2. But the brightest giants of the older cluster M 67 also have V ~ 0, B -Ṽ 1*2 although they leave the main sequence near V = 3-5. Both sets have the normal spectra of disk population giants (CN bands, metallic lines). Recognizing th a t type I giants with ~ 0 evolve from the main sequence by one of two tracks-one horizontal and one th at climbs-Baade was able to estimate the age of the disk population of Andromeda (which is too distant for the terminating main sequence method to be used). Morgan has shown th at the main contributors to the integrated spectrum of the Andromeda disk are normal type I T he giants, rather than type II giants with weak metallic lines and CN bands. Baade (see O'Connell 1958) , further deduced th at the giants must be M 67 type rather than M il type-with an age of 5 x 109 years rather than 4 x 108; for M il giants would be outshone by main sequence stars of mass just less than th at of the giants, and the integrated colour of the disk would be wrong. The M 67 route, however, fits perfectly, as the M 67 stars still on the main sequence are very much fainter than the brightest giants. Thus the bulk of the light from the Andromeda disk comes from stars similar to those found in M 67-stars about as old as the globular cluster giants, but with a higher metal abundance.
Helium burning starts up also in the brightest of Hoyle & Schwarzschild's type II giants, and is adduced as the reason why this giant sequence ends at V ~ -3. These stars differ from classical models not only in having extensive convective envelopes but also in being degenerate in p art of the helium core. When temperature-sensitive nuclear reactions occur in a degenerate region, secu lar instability occurs (Mestel 1952)-the star gains energy and the temperature in the degenerate region rises until degeneracy disappears. The star can then settle down once more into a state of thermal equilibrium. I t is thought th at the type II giants lose their over-luminosity, and descend to the 'horizontal branch' th a t extends to the left of the giant branch near 0 (Schwarzschild 1958, p. 6 ). However, there are many unanswered questions. Is there any important turbulent mixing of m atter between the helium core and the hydrogen envelope during the descent of the star ? Does the star first reach the left end of the horizontal branch and then travel to the right, perhaps ascending the giant branch again, or is there continuous evolution from right to left ? W hat causes the pulsation of the HR Lyrae variables that occupy a part of the branch ?
A difficulty arises when comparing different globular clusters. If the main sequences for both M3 and M 13 are forced together, there appears a gap of between one and two magnitudes between the two horizontal branches; yet when using the RR Lyrae variables for distance determinations, it is usually assumed th at they all have V~ 0. On the other hand, if both horizontal bra fitted to V~ 0, the main sequence of M 13 is lower than th at of M 3 by one or two magnitudes-too large a gap for theory. W ith better main sequence integrations available, theorists will be inclined to keep the gap between main sequences below the theoretically allowed limit for stars of differing composition, and accept th at different horizontal branches have differing values for V. As M3 and M 13 seem to have different ages, there is no a priori reason against this; but there results an uncomfortable uncertainty in distances determined using RR Lyrae variables.
To conclude, we turn to the white dwarfs. These are stars of very low luminosity but with high surface temperatures, so th at they are well to the left of the main sequence in the H .-R . diagram : a white dwarf is faint because its surface, though hot, has a small area. Over most of the star the density is so high th at the elec trons are degenerate, exerting a pressure depending strongly on density but only weakly on temperature. In order th at this pressure may be able to balance gravity, the star's mass must be less than a value (~ 1*4 solar masses) known as Chandrasekhar's limit (1939) . The few white dwarfs whose masses have been estimated satisfy this; for example, Sirius B has a mass nearly equal to the sun's. The thermal energy of the heavy particles supplies the luminosity; as the star cools, its radius stays nearly constant, and its path in the theorist's H .-R . diagram is a straight line of gradient -4.
I t is very likely th at the white dwarf state is the end of all stars once they have consumed all their normal nuclear energy sources. However, stars more massive than Chandrasekhar's limit cannot become white dwarfs without shedding the excess mass: when the densities are too high, the electron gas is 'relativistically degenerate ' and its pressure is not strong enough to withstand the correspondingly enormous gravitational field. A burnt-out, over-massive star would continually contract, the gravitational energy released supplying the luminosity, the 'exclu sion' energy of the electrons and the thermal energy of the ions.
There is some observational evidence for mass loss from the diffuse turbulent envelopes of giant stars, but it is not certain th at it is violent enough to reduce the mass below the limit. The authors of the theory of nucleogenesis inside super-dense, super-hot stars require th at at least some massive stars fail to lose their excess mass in the giant stage; the ultimate explosive loss of mass is identified with the supernova phenomenon. Certainly the least understood stage of stellar evolution is th at between the giant and white dwarf states.
